variations in formulations used to activate platelet-rich plasmas (PRPs) result in differences in biological activity of the platelet, which poses methodological challenges to investigators. The present study hypothesis is that PRP preparations are different in terms of their quality of cytokine content as a result of the differences in activation protocols. PRP preparations can be classified according to preparation protocols as single-or double-spin methods. Single-spin (SS) methods generally result in a lower concentration of platelets and white blood cells (leukocytepoor PRP), and double-spin (DS) methods result in a higher concentration of platelets and white blood cells (leukocyte-rich PRP), so this study evaluates the effects of different activation protocols on cytokine-release kinetics in SS and DS PRP preparations.
Introduction
Platelet-rich plasma (PRP) treatments promote tissue healing and regeneration by regulating wound-healing processes and by promoting an anabolic environment at the injury site, 1 and therefore have gained increasing popularity in various areas of orthopaedic surgery. [2] [3] [4] [5] [6] [7] The basis for this treatment has historically centred on maximising the growth factors (Gfs) found in platelet alphagranules, such as the platelet-derived growth factor (PDGf), transforming growth factor-β (TGf-β), and vascular endothelial growth factor (veGf). although evidence of the long-term clinical benefit of PRP has been controversial, 8, 9 a large number of studies showed clinical and radiological improvement in patients with muscle or tendon injuries. 2, 3, 5, 10, 11 PRP preparations have been activated from various formulations and have resulted in differences in the biological activity of the platelets, which are sensitive to any type of process-related stress. [12] [13] [14] Inconsistencies in results of clinical or laboratory tests are attributed to sample variability, which poses methodological challenges to investigators. The PRP is clotted to allow for delivery to the desired site, resulting in release of the Gfs. Some commercially available systems use thrombin to activate the clotting mechanism, resulting in rapid release of growth factors from the platelets. 15 an alternative system to delay the release of Gf was reported by the addition of calcium chloride, which resulted in formation of a dense fibrin matrix. 15 activation with a high dose of thrombin has been reported to induce an immediate release of Gfs from platelets, whereas that with a low dose of calcium and thrombin reduces the immediate Gf release. 16 The concentration of the Gfs released from PRP varies over time and is influenced by the activation protocols. 16, 17 Degradation of growth factors in vivo can occur via several distinct pathways including denaturation, oxidation or proteolysis. 18 Most Gfs that are contained within platelets have a short life span (minutes to hours). 19 for instance, the biological half-life of veGf is less than 30 minutes, while those of PDGf and fibroblast growth factor (fGf) are 2.4 and 7.6 hours, respectively. [20] [21] [22] Thus, some clinical studies have suggested that a repeated injection of PRP improves clinical outcomes. 3, 23 It is therefore crucial to understand the cytokine-release kinetics of PRP in order to determine the practical methods of the PRP application, such as the dose and the number of PRP injections. Several studies have demonstrated differences in both the platelet and cytokine concentrations in PRP systems, 14, 24, 25 but these have only focused on comparing the platelet or cytokine concentration after an uncertain incubation period. The effect of different activation protocols on cytokine-release kinetics of PRP preparations has not been evaluated in depth.
The purpose of this study was to evaluate the cytokinerelease kinetics of PRP according to different activation protocols. The present study hypothesis is that PRP preparations are different in terms of their quality of cytokine content as a result of the differences in activation protocols. PRP preparations can be classified according to preparation protocols as single-or double-spin methods. 14 Single-spin (SS) methods generally result in a lower concentration of platelets and white blood cells (leukocytepoor PRP), and double-spin (DS) methods result in a higher concentration of platelets and white blood cells (leukocyte-rich PRP), so this study evaluates the effects of different activation protocols: non-activation, Ca-only and Ca/thrombin activation, on cytokine-release kinetics in SS and DS PRP preparations.
Materials and Methods
subjects. Blood samples were obtained from 14 healthy subjects (seven females, seven males; mean age 34.6 years, standard deviation (sd) 6.6; 26 to 50).This study was approved by our institutional review board, and all patients signed an informed consent form. The inclusion criteria included healthy subjects between the ages of 18 and 65 years without any known blood dyscrasia, and the exclusion criteria included medical history of any blood-derived illness or medication known to affect platelet or bone marrow function for a minimum of two weeks prior to testing. Platelet-rich plasma preparation. Peripheral venous blood was collected into acid-citrate dextrose a (aCD-a) anticoagulant with a ratio of 1 ml aCD-a to 9 ml of whole blood. The optimal separating centrifugation condition (first spin) has been suggested to be 900 g for five minutes with a platelet recovery ratio (the total platelet counts after centrifugation divided by those before centrifugation) of 92.0 +3.1%, and the optimal condensation centrifugation condition (second spin) is 1500 g for 15 minutes with a recovery ratio of 84.3 +10.0%. 26 In this study, the same protocols were used for the SS and the DS PRP preparations. for the SS PRP preparation, 30 ml of whole blood was centrifuged at 900 g for five minutes. Then the top plasma layer was separated, and the lower 3 ml of volume of the plasma were used as the SS PRP preparation. (The lower cell layer, which contained leukocytes and erythrocytes, was removed in this process and thus, the upper plasma layer presented a decrease in the concentration of leukocyte and erythrocyte.) for the DS PRP preparation, the top plasma layer after the single spin was separated and was centrifuged a second time under 1500 g for 15 minutes, and the superficial plasma layer was removed, and finally, the lower 3 ml of volume of the plasma were used as the DS PRP preparation. ss/Ds PRP activation. Three different conditions were tested for exogenous activation: no activation, calcium gluconate only, and calcium and thrombin (Dede R Thrombin reagent, Siemens, Germany). Calcium gluconate (2.084g/20ml) was added to PRP at a ratio of 1:10, and thrombin was added at 50 Iu per 1 ml volume of PRP, which is less than that reported in some previous studies, [27] [28] [29] [30] [31] to prevent any early depletion of Gfs and to induce a sustained cytokine release over seven days. Calcium has a role in platelet aggregation and structure of platelet surface receptors and subsequently the function of these receptors is modified by the presence of calcium. 32, 33 However, aCD-a is a potent calcium chelator and it may block activation of thrombin. Therefore, adding calcium in thrombin activation was considered more physiological than thrombin activation alone. evaluation of the cellular composition and kinetics of cytokine release. The platelet, white blood cell (WBC), and red blood cell (RBC) counts were performed before cytokine quantification by using a cell count machine (Xe-2100, Sysmex, Mundelein, Illinois). Most haematology analysers are designed to operate within ranges found in whole blood, and PRP may exceed the upper limit of the linear range of platelets that can be counted. Therefore, PRP was suspended with normal saline at a ratio of 1:5, and the cellular content of PRP was analysed. each PRP preparation or whole blood (control) sample was divided into four aliquots and was incubated for one hour, 24 hours, 72 hours and seven days at 37°C in 5% Co 2 . The samples were snap-frozen in individual aliquots after a given incubation period and were stored at -80°C for a cytokine assay. These samples were then assayed in duplicate, and platelet-derived growth factor -BB (PDGf-BB), transforming growth factor-β1 (TGf-β1), vascular endothelial growth factor (veGf), basic fibroblast growth factor (bfGf), interleukin-1β (Il-1β), and matrix metalloproteinase-9 (MMP-9) concentrations were evaluated using commercially available bead-based sandwich immune-assay kits (Bio-Rad laboratories, Hercules, California).
Previous studies have demonstrated that PRP concentrates platelets, and therefore the Gfs, contained in alpha granules. 4, 14, 15 PDGf, TGf-β, veGf, and fGf, which play a crucial role in cell proliferation and differentiation in the wound-healing process, 17 are basic cytokines identified in platelets and were chosen for anabolic cytokines to be analysed. These growth factors are also considered the most important growth factors in tendon healing. 34 Conversely, effects of PRP are not only attributable to concentrated platelets but also to the presence of leukocyte and catabolic cytokines. 25 Thus, Il-1β and MMP-9 were chosen for catabolic cytokines, which play roles in inflammation or matrix degradation. 25 statistical analysis. The measured data are presented as the arithmetic mean and the standard deviation (sd). The concentrations of the cytokines in each of the incubation periods were analysed using a Kruskal-Wallis test (non-parametric aNova), a Bonferroni posthoc test was conducted to compare multiple values from each of the preparation conditions, and linear correlations between the cell count and cytokine content were analysed via Pearson correlations. a p-value of 0.05 was considered significant.
Results
The mean platelet concentration of the control samples was 147 x10 3 /ul (sd 59). The platelet concentration of the SS PRP at 311 x 10 3 /ul (sd 72) is significantly higher than that of the control (p < 0.01), and that of the DS PRP is even higher at 1145 x10 3 /ul (sd 244) (p < 0.01). The WBC concentration of the DS PRP was about nine times higher than that of the SS PRP (p < 0.01), but both concentrations were lower than those of the control samples (Table I) . Time-sequential cytokine release PDGF-BB. The PDGf-BB release was constant and was sustained over seven days. The PDGf-BB concentrations of PRP were correlated with platelet concentrations (r = 0.71, p = 0.02), and the PDGf concentrations of the DS PRP were two to three times higher than those of the SS PRP over a seven-day period (p < 0.01 for all concentrations, fig. 1a ). Ca-only activation did not significantly increase the PDGf-BB concentration for either the SS or the DS PRP preparations ( fig. 1b ), whereas Ca/ thrombin activation induced an immediate and sustainable increase in the PDGf-BB concentration for both SS and DS PRPs over the seven-day period (p < 0.01 for all measured times, fig. 1c ). TGF-1. The TGf-β1 release was rapidly induced, and a maximum concentration was detected within one hour with no significant differences in the TGf-β1 concentration between the SS and DS PRP preparations over the seven-day period ( fig. 2a ). The TGf-β1 concentration was not correlated with the platelet concentration of the PRP (r = 0.18, p = 0.32). Ca-only activation did not increase the TGf-β1 concentration of the SS or the DS PRP ( fig. 2b ). Ca/thrombin activation immediately, but not sustainably, increased the TGf-β1 concentration of SS PRP at one hour and 24 hours (p < 0.01 and 0.02, respectively) and that of DS PRP at one hour and 24 hours (p < 0.01 and 0.02, respectively, fig. 2c ). VeGF. The veGf concentration of the PRP was correlated with the platelet concentration (r = 0.71, p = 0.02) and was constant and sustained over seven days. The veGf concentration of the DS PRP exceeded that of SS PRP at 72 hours and after seven days (p = 0.06 and < 0.01, respectively, fig. 3a ). The Ca activation immediately and sustainably increased the veGf concentration of the DS PRP at all measured times (p < 0.01 for all measured times, fig. 3b ). The Ca/thrombin activation sustainably increased the veGf concentration of DS PRP (p < 0.01, < 0.01, < 0.01, 0.04 at one hour, 24 hours, 72 hours, and seven days, respectively) but increased that of SS PRP only at one hour and 24 hours (p < 0.01 and 0.02, respectively, fig. 3c ). FGF. The fGf release was rapidly induced and a maximum concentration was detected within one hour, but the fGf concentration was not correlated with the platelet concentration (r = 0.21, p = 0.26). The fGf concentration of the SS PRP exceeded that of DS PRP at 24 hours, 72 hours, and seven days (p ≤ 0.01, < 0.01, and 0.04, respectively, fig. 4a ). The Ca-only activation increased the fGf concentration of DS PRP at 24 hours, 72 hours and seven days (p < 0.01, < 0.01, and 0.03, respectively), but reduced that of the SS PRP at all measured times (p < 0.01 for all measured times, fig. 4b ). The Ca/thrombin activation immediately, but not sustainably, increased the fGf concentration of SS PRP (p < 0.01 at one hour) and that of DS PRP (p = 0.01 and < 0.01, at one and 24 hours, respectively, fig. 4c ). IL-1 . Il-1β release was constant and was sustained over seven days. There were no significant differences in the Il-1β concentration between the SS and DS PRP preparations ( fig. 5a ). The Il-1β concentration was not correlated with the WBC or the PlT concentration (r = 0.19, p = 0.30), and the Ca activation led to a ten-to 20-fold increase in Il-1β concentration for DS PRP at 24 hours, 72 hours, and seven days (p = 0.02, < 0.01, and < 0.01, respectively, fig. 5b ). The Ca/thrombin activation led to a two-to ten-fold increase in this concentration for the SS PRP over seven days (p < 0.01 for all measured times, fig. 5c ). MMP-9. The MMP-9 concentration was lower than 50 pg/ml over seven days for both the SS and DS PRP preparations, and these values were lower than that of control ( fig. 6a ). The MMP-9 concentration was strongly correlated with the WBC concentration (r = 938, p < 01). There were no significant differences in the MMP-9 concentration between the SS and the DS PRP preparations. Ca-only or Ca/thrombin activation did not increase the MMP-9 concentration for either the SS or the DS PRP preparations (figs 6b and 6c). a) There were no significant differences in the Il-1β concentration between the SS and DS PRP preparations. b) The Ca activation led to a ten-to 20-fold increase in Il-1β concentration for the DS PRP at 24 hours, 72 hours, and seven days. c) The Ca/thrombin activation led to a two-to ten-fold increase in this concentration for the SS PRP over seven days. (* represents p < 0.05 compared with the SS group, # represents p < 0.05 compared with the non-activation group.) 
Discussion
Despite the increase in the use of the PRP for local tissue healing and regeneration in human and animal studies, little is currently known about the biomolecular characteristics of PRP in terms of the cytokine-release kinetics according to different activation protocols. It is important to determine the method of local application as well as to evaluate the effectiveness of the procedure. The concentration of cytokines released from PRP varied over time and was influenced by various activation protocols. The effect of the activation was shown to be dependent on the preparation method as well as on the type of cytokine and, accordingly, proper PRP components with activation methods should be selected by Fig. 6c a) The MMP-9 concentration for control samples (whole blood) was greater than 500pg/ml over seven days. There were no significant differences in the MMP-9 concentration between the SS and the DS PRP preparations. b, c) Caonly or Ca/thrombin activation did not increase the MMP-9 concentration for either the SS or the DS PRP preparations. (* represents p < 0.05 compared with the SS group, # represents p < 0.05 compared with the non-activation group).
cells. 36 TGf-β stimulates the proliferation of undifferentiated mesenchymal stem cells and the chemotaxis of endothelial cells and angiogenesis. 37 veGf stimulates endothelial cell mitogenesis and cell migration, 38 and fGf plays a key role in the proliferation and differentiation of a wide variety of cells and tissues. 39 Conversely, Il-1β and MMP-9 are catabolic cytokines that are known to play roles in inflammation or matrix degradation. 25 Interleukin-1β is a primary cytokine during inflammation and matrix degradation, and it is a common target to reduce inflammation by manipulating Il-1ra. 40 MMP-9 is known to degrade collagen and other extracellular matrix molecules and has been implicated as a predictor of poor healing. 41 The activation method or the thrombin dose affects the cytokine-release kinetics of PRPs and must be considered when interpreting the results of PRP studies. When calcium chloride was added exogenously to the PRP, a low level of thrombin formed endogenously and allowed a slower Gf release over a longer period than exogenous thrombin. on the other hand, thrombin caused a rapid aggregation of platelets and an excessive condensing of the fibrin matrix with a rapid activation of the platelets. a low dose of thrombin has been shown to increase the migration and the number of mesenchymal progenitor cells derived from bone marrow 42 whereas high concentrations have been demonstrated to have limited effects on the proliferation of osteoblasts and alveolar bone cell, suggesting that the thrombin dose plays a role in the Gf-release kinetics of the PRP preparations. 43 The effect of the activation depended on both the preparation method and on the type of cytokine assessed. Ca-only activation had a significant effect on the DS PRP preparation (veGf, fGf, and Il-1β concentrations) whereas Ca/thrombin activation had significant effects on both SS and DS PRP preparations (PDGf-BB and veGf concentrations sustainably and TGf and fGf concentrations shortly). These observations may be due to the fact that the biological activity of the platelets is sensitive to any kind of process-related stress and that more platelets are activated during the process with the DS method. These results are also consistent with the findings reported by Mazzucco et al, 13 who reported that the individual dynamics of the Gf release depend exclusively on the type of Gf rather than on the preparation method. They also demonstrated that TGf-β1 and bfGf are promptly released within 24 hours of exogenous activation whereas the Gf release of the PDGf-BB and the veGf are more dependent on the technique that is used.
In terms of the catabolic cytokines, Ca or thrombin activation sustainably increased the Il-1β concentration to a level ten times higher than that of the control but did not increase the MMP-9 release over time. These results suggest that the mechanisms underlying the synthesis, release, and/or degradation of Il-1β differ from those of MMP-9 and that the release of Il-1β may be a result of some considering their biomolecular characteristics and patient indications.
The PDGf-BB, TGf-β1, veGf, and fGf concentrations in PRP are known to play a crucial role in cell proliferation, chemotaxis, cell differentiation, and angiogenesis. 35 PDGf is a powerful mitogen for fibroblasts and smooth muscle de novo synthesis by leukocytes or platelets following PRP activation with a low concentration of Ca or thrombin. 44 This study has several limitations. our experimental set up only measured absolute cytokine levels (accumulation over time) in solution at the time points and did not account for cytokine depletion or breakdown over time. Degradation of growth factors in vivo can occur via several distinct pathways including denaturation, oxidation or proteolysis, which were not measured in the present study. Second, although tissue healing and regeneration generally occur via a multiplicity of cellular interactions, these processes were absent due to the in vitro nature of the current study. further studies may be needed to investigate the relationship between the Gf kinetics and tissue healing/regeneration in vivo. Third, the cytokine content is influenced mainly by inter-individual variability, which in turn may influence the release kinetics of the PRP Gfs. Therefore, there may be some differences in their characteristics for other populations. finally, not all PRP kits or activation protocols could be considered due to patient recruitment and financial limitations. although we considered the preparation and activation methods used in this study as representative techniques, various other methods are also commercially available for the preparation of PRP. These protocols can differ in centrifuge conditions and processes of activation.
PRP has distinct characteristics that reflect specific mixtures of bioactive molecules, and the regenerative potency of PRP may depend on the Gf levels. Cytokine content was observed to be different between the SS and DS methods. a low dose of thrombin/calcium activation caused an overall increase in cytokine content over a period of seven days when compared with a calcium-only supplement or non-activation preparations, and the effect of the activation depended not only on the preparation method but also on the type of cytokine. Ca-only activation had a significant effect on DS PRP preparation while a low dose of thrombin with calcium activation had significant effects on both SS and DS PRP preparations. low dose of thrombin activation is recommended for enhancing growth factor contents of PRPs. Physicians and researchers should interpret results of clinical or laboratory tests of PRP in the context of their activation protocols.
